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storage sheds and milled samples from patrons of local mills. Mean aflatoxin contamination was identical for storage sheds and mills at 2.3 ppb. In all, 41% of the samples from mills had detectable aflatoxin, with 4% over the regulatory limit, whereas 87% had detectable fumonisin, with 50% over the regulatory limit (1 ppm). Mean contamination levels did not change during storage. Maize varieties differed in fumonisin contamination, with the most popular varieties vulnerable to both mycotoxins and weevils, which are potential factors in exacerbating mycotoxin contamination. Mycotoxin surveillance is important not just in areas known previously for aflatoxin contamination and acute poisoning but also is needed in all maize-producing regions.
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There is increasing concern about mycotoxin contamination in tropical food systems. Significant attention has been focused on regions where outbreaks of fatal mycotoxicosis tend to occur. For example, the recurrent outbreaks of aflatoxin contamination of maize and fatal aflatoxicosis in eastern Kenya have received considerable attention (Daniel et al. 2011; Kang'ethe 2011; Nyikal et al. 2004 ). However, little information is available on the occurrence and the extent of aflatoxin or other mycotoxin contamination in most areas of Africa, including the western region of Kenya, where most of the country's maize is produced.
Maize is grown in Kenya under agroclimatic conditions that favor fungal colonization and mycotoxin accumulation (Kedera et al. 1999; Okoth et al. 2012) . Approximately 75% of Kenyan maize is produced by resource-poor farmers under conditions that could predispose the crop to mycotoxin contamination. The maize value chain, which includes the sequential processes from production to consumption of maize, lacks mechanisms for ensuring food safety (Kang'ethe 2011) . The factors that influence the accumulation of mycotoxins along the African maize value chains are poorly understood. Mycotoxin surveillance at key points, such as storage and milling, is important to facilitate management strategies that would reduce health risks.
The best-known mycotoxins in maize include aflatoxin, produced by Aspergillus flavus and A. parasiticus, and fumonisin, produced by Fusarium verticillioides (Burger et al. 2010; Williams et al. 2005) . Acute exposure to high levels of aflatoxin can be fatal, while chronic exposure has been associated with growth stunting in children, immunosuppression, and liver cancer (Kimanya et al. 2010; Williams et al. 2004 ). Consumption of fumonisincontaminated maize has been associated with growth stunting and esophageal cancer (Kimanya et al. 2010 ). Coexposure to the two mycotoxins has been shown to increase the frequency of liver cancer in animal studies (Carlson et al. 2001) . The World Food Program (WFP) set the regulatory limits for aflatoxin at 10 ppb (10 µg/kg) and for fumonisin at 1 ppm (1 mg/kg) (van Egmond et al. 2007 ). Because of the high cost of mycotoxin analysis, few developing countries effectively monitor mycotoxin levels in their food systems. Like many countries, Kenya has adopted the WFP regulatory limits for mycotoxins; however, it lacks the capacity for systematic mycotoxin monitoring and the government has not fully implemented the regulations (Hell and Mutegi 2011; Whitaker 2011; Whitaker et al. 2007) .
Maize is the main staple food in Kenya, contributing 65% of staple food calories and 36% of the total caloric intake (Ahmed 2011) . Small-scale farmers store maize under varying and often suboptimal conditions for up to 4 months before home use or sale (Hell and Mutegi 2011; Jaetzold et al. 2006) . Families often consume some of the maize they grow, sell some to raise cash, and buy locally marketed maize as need arises (Ahmed 2011 ). An estimated 60% of maize is processed by consumers at neighborhood hammer mills (Kang'ethe 2011) . Clients typically process 2 to 10 kg of maize at a time at these local mills, known locally as posho mills, for consumption over the subsequent few days.
As a basis for developing effective mycotoxin mitigation strategies, there is need to assess the extent of contamination and the factors associated with it. The final level of mycotoxin contamination of a maize sample depends on the extent of fungal colonization and toxin production at each stage along the value chain (Hell and Mutegi 2011) . Because local mills are the final processing points for the majority of Kenyan maize, they are strategic sites for surveillance of mycotoxin contamination (Mutiga et al. 2014 ). In the current study, we investigated the extent of mycotoxin contamination in western Kenya at harvest, in storage, and at the local mills.
Western Kenya (Nyanza, Rift Valley and Western regions; hereafter referred to as W. Kenya, to distinguish it from the former administrative province) produces over 75% of the maize consumed in Kenya. Consumers in most parts of the country depend on the maize that is produced in W. Kenya (Reynolds 2009 ). Mycotoxicosis outbreaks have not been reported in this region, although the lack of fatalities and mycotoxin surveillance could mean that problems have gone unnoticed. The few mycotoxin-related studies conducted in the region have shown that fumonisin contamination could be more prevalent than aflatoxin contamination but the studies were limited in sample size and geographical scope. A previous survey in W. Kenya reported fumonisin in 47% of samples of maize samples (n = 197) from storage sheds, with 5% above the regulatory limit (Kedera et al. 1999) . A survey of four maize varieties in 24 farms in the former Western Province reported aflatoxin up to 20 ppb in three samples (Alakonya et al. 2009) . A high prevalence of aflatoxin contamination in groundnut (Arachis hypogaea L.; also known as peanut) was recently reported in W. Kenya (Mutegi et al. 2009 ) but groundnut production and consumption are not as widespread as maize. Analysis of human blood serum revealed lower levels of exposure to aflatoxin in W. Kenya than elsewhere in the country (Yard et al. 2013) .
Factors that increase the vulnerability of maize to mycotoxin contamination include preharvest biotic and abiotic stress, genetic factors of maize and pathogens that favor colonization and toxigenesis, and improper postharvest management (Hell et al. 2008; Wiatrak et al. 2005) . Drought, insect pressure, and soil degradation or infertility are among the environmental factors contributing to preharvest stress (Bruns 2003) . Toxigenicity of the fungal populations is another variable that is poorly understood; Aspergillus flavus genotypes of varying toxin-production potential have been reported in Kenya (Okoth et al. 2012; Probst et al. 2012 ). The A. flavus population in eastern Kenya, where outbreaks of aflatoxicosis are most frequently reported, is particularly aflatoxigenic (Probst et al. 2012) .
Maize genotypes differ in susceptibility to mycotoxin accumulation, and breeding for reduced susceptibility is an important mycotoxin management strategy (Hell and Mutegi 2011; Williams 2006) . Cultivated maize consists of hybrid and open-pollinated varieties (Jaetzold and Schmidt 1982) . Complete resistance of maize to aflatoxin and fumonisin does not exist and the two complex traits are controlled by multiple genes (Fountain et al. 2014; Williams 2006) . Mycotoxin accumulation is influenced by maize and fungal genotypes (G M and G F , respectively), environment (E), farm management factors (M), and the interactions among these factors (G M × G F × M × E) (Bolduan et al. 2009; Fountain et al. 2014) . Grain characteristics such as kernel texture (endosperm type) are among the genetically determined traits of maize that may influence susceptibility to pre-and postharvest mycotoxin accumulation (Betran et al. 2006) .
The objectives of this study were to assess the prevalence of aflatoxin contamination in maize in a major maize-growing area where an outbreak has not been recognized, investigate the factors associated with aflatoxin contamination in maize, and assess aflatoxin and fumonisin contamination in selected maize varieties at different points on the maize value chain.
MATERIALS AND METHODS
Study sites. Surveys were conducted in western Kenya in 2009 and 2010 to assess mycotoxin contamination in maize. The regional survey involved sampling flour at local mills in the Nyanza, Western, and Rift Valley regions of W. Kenya between May and July 2009 (Table 1 ; Fig. 1 ). Sites were identified to sample from local mills in three maize-producing agroecological zones (AEZs) (humid, subhumid, and semihumid) using a geographic information system overlay of AEZs and administrative boundaries. Six major towns that serve as either county or subcounty headquarters within the three regions were selected as sampling hubs (Fig. 1) . Villages that represent different AEZs and were located within a 20-km radius from the sampling hub were selected as potential sampling sites. After stratifying by AEZ, 26 villages were randomly selected from this sampling frame. One mill within each selected village was randomly selected for sampling, conditional on the consent of its owner (Table 1) . Samples collected from all mills within the same AEZ in the same county were considered to represent the same geoclimatic location (Tables 1 and 2 ).
The more detailed survey involved sampling of whole-grain maize from farmers' storage sheds and flour from local mills within seven villages located in a humid AEZ of Bungoma County, Western region, from August 2009 to March 2010; this is hereafter termed the "Bungoma survey". Sampling for the Bungoma survey was conducted at different stages of the maize value chain: at harvest, after 2 and then 4 months of storage, and finally at local mills. Mycotoxins detected in samples from the mills were an indicator of human exposure at the time this study was conducted.
The mills included in the Bungoma survey were different from those in the regional survey. The Bungoma sites were identified with guidance from authorities in the Kenyan Ministry of Agriculture to fulfill the following criteria: relative climatic uniformity, agroclimatic conditions representative of the major maize-growing area of W. Kenya, maize as the predominant crop, small-scale maize production, cultivation of multiple maize varieties that represented the diversity of maize in the region, maize harvest coinciding with the start of our survey, and few or no nongovernmental maize development agencies operating in the area (such organizations would be expected to influence farmers' maize production activities, and instructions from such organizations might have either interfered with our survey or influenced its results).
The seven villages were identified as sampling sites based on preharvest assessment visits (reconnaissance) to 13 villages within a 10-km radius from the Bungoma town center. For each of the 13 villages, 30 farmers were interviewed about the maize varieties they grew, time to maturity of each variety and the expected harvest date. . The approximate location of Kenya's main maize production area is shown by the dashed rectangles in both maps. Counties (or subcounty in the case of Rachuonyo) where sampling was conducted as part of a regional survey are indicated by one white star, while a white star and white diamond at Bungoma indicates the two studies (regional and detailed surveys) that were conducted. Fatal aflatoxicosis has previously been reported in eastern Kenya in regions shown with hazard symbols. Grayscale indicates long-term average annual rainfall (mm) (http://harvestchoice.org/products/data/263). a Flour samples were collected in 2009 from persons who brought maize to local mills for milling. The regulatory limit for aflatoxin in Kenya is 10 ppb (µg/kg). b Lower limit of detection of aflatoxin is 1 ppb; percentages under ">1 ppb" include samples with aflatoxin >10 ppb, above the regulatory limit. c Based on number of completed questionnaires (n 2 ). d Mean area of land cultivated with maize by farmers that were interviewed in each geoclimatic location.
Further information about the characteristics of each of the varieties was obtained from a Tegemeo Institute working paper (Tegemeo Institute 2010), from brochures of seed traders, and by inspection of kernel traits. To understand whether the varieties differed in their vulnerability to mycotoxin accumulation under farmers' conditions and at key points in the value chain, we sampled and analyzed mycotoxins associated with four popular varieties grown in W. Kenya. We sought a range of maize kernel endosperm types (e.g., flint, semiflint, or dent) in selecting the four varieties, based on prior reports that this kernel trait was associated with mycotoxin contamination (Betran et al. 2006; Clements et al. 2004) . Study design and sampling strategy. For the regional survey of local mills, centrally trained research assistants interviewed and collected samples (n = 985) of milled maize from individuals who processed maize at the 26 mills. From each mill, 30 to 45 samples were collected over a 3-to 5-day period. For each sample, a questionnaire was administered on how the respondent acquired the maize. For those with home-grown maize, we collected data on pre-and postharvest management of the crop.
For the Bungoma survey, we selected farmer participants (n = 186) who grew at least one of the four popular varieties within the seven villages. Because weevil damage of maize in storage has been correlated previously with mycotoxin accumulation in other tropical regions (Atukwase et al. 2009; ), we investigated whether weevil incidence was correlated with aflatoxin and fumonisin. A subset of farmers (n = 40) was randomly selected to assess whether commonly used deterrents (e.g., commercial synthetic pesticides, botanicals, or ash, hereafter called "preservatives") against grain weevils (Sitophilus zeamais Motsch.) affected mycotoxin accumulation. For each of the home-grown maize varieties, the participants in the grain-preservatives study were provided with a pair of woven polypropylene storage bags, the typical maize storage bags in East Africa , which could hold 10 kg of maize. Participants were asked to put their treated and nontreated home-grown maize grain in the appropriately labeled bags, and to store the sample bags in their sheds. Interviews were conducted and samples collected at three times: at harvest and at 2 and 4 months after harvest. Interviews at harvest provided information on preharvest management practices, while later interviews provided data on postharvest conditions.
Interviews at harvest and ear rot assessment were conducted within the first 2 days of harvest (prior to maize shelling). Ear rot was visually assessed for each maize variety on randomly selected ears that filled a polypropylene bag of 10-kg grain capacity. Ears were scored based on percentage of rotten kernels, as follows: 1 = no rot, 2 = some rot but below 25%, 3 = 26 to 50%, 4 = 51 to 75%, and 5 = greater than 75%. Data were recorded as number of ears per bag in each category, and the average scores were calculated.
Maize was shelled and packaged into 90-kg polypropylene bags; then whole-grain samples were collected from up to three bags that the participants stored and also from the 10-kg bags in the grainpreservative experiment. Maize was sampled using two devices: a double-tube spear for grain stored in 90-kg bags and a closed spear for grain in 10-kg bags (Proctor 1994) . The sampling device was inserted at different depths from the mouth of the bag to obtain nine subsamples of approximately 100 g each. At each grain sampling date, grain moisture and weevil incidence were assessed. Grain moisture was measured using an SC 4A digital sensor (Zhejiang Top Instrument Co., Ltd.) at nine points (three at the top, three in the middle, and three at the bottom) for every three 90-kg polypropylene bags. Weevil incidence was scored on each of the nine subsamples using the following scale: 0 = no weevils, 1 = 1 to 2, 2 = 3 to 5, 3 = 6 to 10, and 4 = >10 weevils. After the grain was scored for weevils, the subsamples were pooled and mixed, and a final 100-g whole-grain sample was drawn for mycotoxin analysis.
In addition, we collected 100-g flour samples from individuals who processed maize destined for immediate consumption at a local mill in each of the villages where there was a concurrent storage-shed survey. Research assistants collected the flour samples and survey responses from 30 adults at each mill in a 3-day period during each of the three sampling periods for the storage study. Prior to sampling, the mill customers had processed samples of 2 to 10 kg. Flour was mixed before the subsamples were taken. Individuals were interviewed on maize variety and pre-and postharvest management practices.
Sample handling and mycotoxin analysis. Mycotoxins were analyzed using commercially available enzyme-linked immunosorbent assay (ELISA) kits (Helica Biosystems Inc.), the performance of which had been previously validated (Mutiga et al. 2014) . Aflatoxin was extracted from 5-g subsamples of maize flour using 70% methanol and was analyzed following the manufacturer's protocol. Whole-grain samples were ground in the laboratory in a Romer mill (Romer Labs, Inc.). The solid-phase direct competitive aflatoxin ELISA kit (catalog number 941BAFL01-96; Helica Biosystems Inc.) consisted of a 96-well microplate coated with an antibody that had been optimized to cross-react with the four aflatoxin types at the following rates: B1 = 100%, B2 = 77%, G1 = 64%, and G2 = 25%. The lower and upper limits of quantification of the kit were 1 and 20 ppb (µg/kg), respectively, per the supplier's information. Samples with aflatoxin levels above the upper quantification limit were diluted and retested.
Fumonisin was extracted from 10-g subsamples of maize flour using 90% methanol and analyzed with a commercially available ELISA kit per the manufacturer's protocol (Helica Biosystems, Inc.). The solid-phase direct competitive fumonisin ELISA kit (catalog number 951FUM01C-96; Helica Biosystems, Inc.) consisted of a 96-well microplate coated with an antibody that was optimized to cross-react with three fumonisin subtypes (B1, B2, and B3). The lower and upper limits of quantification of the kit were 0.1 and 6 ppm, respectively, according to the manufacturer. Samples with toxin values below the limit of quantification were recorded as containing no detectable toxin.
Optical densities of the reactions for both mycotoxins were quantified using a microplate reader (BioTek Instruments, Inc.) with an absorbance filter of 450 nm. Test values were interpreted with reference to standards that were included in each experiment.
Statistical analysis. Statistical analysis was done in JMP Pro (ver. 10; SAS Institute Inc.). For the regional study, correlations were computed between publicly available rainfall estimates, based on satellite imaging and global telecommunication system (Xie and Arkin 1997) , and the percentages of samples with detectable aflatoxin (>1 ppb) or with aflatoxin above the regulatory limit (>10 ppb) across the geoclimatic locations. Factors potentially associated with aflatoxin contamination were analyzed using samples only from the Nyanza region; aflatoxin data from the other regions were too skewed to permit a similar analysis (see Results). Aflatoxin data were transformed to logarithm (ppb + 1) and analyzed as a dependent variable in a model in which the 26 factors included in the survey questionnaire served as independent variables. County and village nested in a county were modeled as random effects. Results of the analysis were presented as geometric means that were derived by back-transformation of the least squares means of the transformed aflatoxin data.
For the Bungoma survey, the means, variances and percentages of samples with contamination at different levels were computed for whole grain collected at farmers' storage sheds and for flour collected at the mills. Mycotoxin data of the whole grain collected from the storage sheds was analyzed separately from data of flour samples from the mills; these data were not considered to be directly comparable because of the differences in sampling methods.
To assess the factors associated with the presence or absence of mycotoxins in the Bungoma study, a nominal logistic regression analysis was used on binary-coded mycotoxin data. Samples with detectable toxin (aflatoxin ³ 1 ppb and fumonisin ³ 0.1 ppm) were considered positives and coded 1, while those with lower values were considered as negatives and coded 0. The questionnaire-based variables used in the regression analysis were sequentially dropped from the logistic model until the best model, based on Akaike's Information Criterion, was obtained.
Pairwise comparisons between mycotoxin levels and covariates were performed using t tests and correlations. Spearman's rank correlation was used for comparisons that involved small sample sizes and for data for which the type and distribution did not meet the assumptions for Pearson's correlation. Paired t tests were used to compare mycotoxin levels in maize that was either treated or nontreated with preservatives. A c 2 test was performed for the differences in weevil infestation between preservative-treated or nontreated maize, differences in the percentages of samples with weevil infestation and mycotoxin contamination among sampling periods, and differences in weevil and mycotoxin contamination among maize varieties.
RESULTS
Aflatoxin prevalence in regional survey of western Kenya, 2009 . Among the 985 maize samples collected from local posho mills in 11 geoclimatic locations, 49% had detectable levels of aflatoxin and 15% were contaminated above the regulatory limit (>10 ppb) ( Table 2) . A descriptive summary of maize acquisition and the corresponding percentage of samples with aflatoxin contamination at different levels is shown in Table 3 . The highest percentage of aflatoxin-contaminated maize was observed in two drought-prone subcounties of Homa Bay County (Homa Bay, 66% and Rachuonyo, 93%) in the Nyanza region (Tables 1 and 2) . Similarly, the Nyanza region had a higher percentage (8 to 65%) of samples with aflatoxin contamination above the regulatory limit than samples from the Rift Valley and Western regions (2 to 7%) ( Table 2 ). Aflatoxin levels were significantly associated with AEZ (P = 0.038). Mean aflatoxin contamination increased as moisture decreased across the AEZs (geometric mean ± standard deviation) as follows: humid (1 ± 0.3 ppb), subhumid (2.4 ± 0.4 ppb), and semihumid (9.2 ± 0.4 ppb). Mean contamination differed between humid and semihumid zones (P < 0.05). Similarly, the amount of rainfall during the growing season of the sampled maize was negatively correlated with the percentage of samples with aflatoxin above the regulatory limit (r s = _ 0.79, P = 0.004) (Fig. 2) .
Because of relatively low aflatoxin contamination found in the Rift Valley and Western regions (Table 2) , the association between aflatoxin and the questionnaire variables was analyzed using data only for the samples from the Nyanza region (n = 118). In Nyanza, aflatoxin contamination was associated with the manner in which individuals obtained the maize (P = 0.016). Home-grown maize had significantly (P = 0.016) less contamination (2.4 ± 0.3 ppb; n = 56) than purchased maize (4.6 ± 0.3 ppb; n = 62). Among the homegrown samples, aflatoxin contamination was three times greater (P = 0.023) in maize grown in monoculture (4.8 ± 0.5 ppb; n = 8) than in intercropping (1.6 ± 0.3 ppb; n = 44).
Mycotoxin accumulation in selected varieties in storage. We focused our detailed study on the four most popular varieties (H614, H513, WH505, and Local 8) found in 13 villages in Bungoma. These four were cultivated by 47% (n = 122) of the respondent farmers; another 20 minor varieties were also grown in the region. A preharvest survey of 186 farmers in seven villages revealed the following varietal cultivation percentages: H614 (44%), H513 (36%), WH505 (13%), and Local 8 (7%). Some farmers grew more than one maize variety: 26 farmers (14%) grew two varieties and 2 farmers (1%) grew three varieties (Table 4) . Factors associated with farmers' varietal choices included seed availability, drought tolerance, earliness of maturity, grain yield, and flour quality (Table 4) .
Among samples of the four maize varieties that were collected over three sampling periods (n = 488), only 4% of the samples had detectable aflatoxin (Fig. 3A) , with an overall mean of 2.3 (± 17.1) ppb. Fig. 2 . Correlations between amount of rainfall (mm) and percentages of maize samples with A, detectable aflatoxin (³1 ppb) and B, aflatoxin contamination above the regulatory limit (10 ppb). Samples were from a regional survey of maize at local mills in 2009 in 11 locations in western Kenya. Rainfall data were retrieved from the World Climate repository (http://www. worldclim.org). The likelihood of aflatoxin contamination differed significantly (P = 0.004) among varieties (Table 5) . Local 8 and WH505 accounted for 19% of the samples and did not have detectable aflatoxin. In contrast, aflatoxin was detected in almost 10% of the samples of both H614 and H513, and exceeded 10 ppb in 7% of samples of H614 and 2% of H513 (Fig. 4A) . The likelihood of aflatoxin contamination did not differ between H614 and H513 (odds ratio [OR] = 0.774, P = 0.514), or among sampling periods (Table 5) . Fumonisin was analyzed in 233 (48%) of the 488 samples and detected in 41% of them (Fig. 3B) . Across the maize varieties, the percentages of samples with detectable fumonisin ranged from 25 to 54% (Fig. 4B) , with an overall mean of 0.533 (± 1.055) ppm. Percentages of samples with fumonisin at ³1 ppm ranged from 11 to 31% among varieties, and the likelihood of fumonisin contamination differed significantly (P = 0.005) among them ( Table 5 ). The likelihood of fumonisin contamination was higher in H614 than in H513 (OR = 0.27, P = 0.001) and WH505 (OR = 0.34, P = 0.012). The likelihood of fumonisin contamination did not differ significantly (P > 0.05) among the rest of the varieties or among sampling periods (Table 5) .
Grain moisture was significantly higher after harvest (12.8%) than in subsequent sampling periods (11.4 and 11.3% at 2 and 4 months after harvest, respectively; P < 0.0001). However, mycotoxin contamination was not correlated with grain moisture (P > 0.05), and there were no significant differences in grain moisture among varieties during storage (P = 0.119).
Interestingly, mycotoxin levels were not correlated with weevil incidence or ear rot (P > 0.05). No weevils were found immediately after harvest but over 20% of the samples were infested after 2 and 4 months of storage (Fig. 5A ). Weevil infestation was not different between 2 and 4 months of storage (c 2 = 2.602, P = 0.271, n = 196, df = 2). However, the varieties differed significantly (c 2 = 19.5, P = 0.0005, n = 196, df = 4). Local 8 was not infested, whereas the other three varieties had varying levels of infestation (Fig. 5B) . The percentage of preservative-treated samples (22%) that was infested by weevils was not different from that of untreated maize (24%) (c 2 = 0.056, P = 0.972, n = 196, df = 2). Fumonisin was analyzed on a subset of samples (n = 125). Mycotoxins were quantified using enzyme-linked immunosorbent assay kits in the range of 1 to 20 ppb (µg/kg) for aflatoxin and 0.1 to 6 ppm (mg/kg) for fumonisin. Kenyan regulatory limits are 10 ppb for aflatoxin and 1 ppm for fumonisin.
Although we found no differences in levels of weevil infestation, the percentage of samples with detectable fumonisin was lower (P = 0.046, n = 84) when farmers applied preservatives (24%) compared with maize stored without preservatives (44%). In contrast, the percentage of samples with aflatoxin contamination was not different with (10%) or without (12%) preservatives (P = 0.77, n = 119). Moreover, aflatoxin and fumonisin levels were uncorrelated (r = _ 0.004).
Bungoma survey at local mills. For the Bungoma survey, flour samples collected at local mills were from maize that was either home grown (57%) or purchased (43%). The percentage of samples that represented purchased maize was lowest at harvest time and increased over time (36, 42 , and 51% at harvest and 2 and 4 months after harvest, respectively). Of the 574 samples collected at the mills, 41% had detectable aflatoxin, and 4% exceeded the regulatory limit (Fig. 3C) . Overall mean aflatoxin contamination was 2.3 (± 3.8) ppb. Analysis of a subset of the samples for fumonisin (n = 125) showed that 87% had detectable fumonisin and 50% exceeded the regulatory limit (Fig. 3D) . Overall mean fumonisin contamination was 1.9 (± 3.0) ppm.
Approximately a third (31%) of the 574 samples collected at the mills were reported to be of the four common maize varieties studied in storage. Among these varieties, 30 to 60% of the samples had detectable levels of aflatoxin contamination (Fig. 4C) , with an overall mean of 2.0 (± 2.88) ppb. The percentage of samples of these varieties with detectable aflatoxin did not differ among the sampling times (P > 0.05). Only one sample (1%) of H614 was above the regulatory limit for aflatoxin; none of the samples of the other three varieties exceeded this limit.
The likelihood of aflatoxin contamination differed significantly (P = 0.0007) among sampling times across all varieties. This Fig. 4 . Distribution of mycotoxin contamination in four popular maize varieties (H513, H614, Local 8, and WH505) sampled from a humid agroecological zone in Bungoma County in western Kenya. A, Aflatoxin and B, fumonisin contamination in maize stored on farms for up to 4 months. Sampling on farms involved collection of 100 g of whole grains (n = 488; see text for details). Fumonisin was analyzed on a subset of samples (n = 233; see text for details). C, Aflatoxin and D, fumonisin contamination in samples from local mills. Sampling from local mills involved collection of 100 g of maize flour (n = 574; see text for details). Fumonisin was analyzed on a subset of samples (n = 125; see text for details). Mycotoxins were quantified using enzyme-linked immunosorbent assay kits in the range of 1 to 20 ppb (µg/kg) for aflatoxin and 0.1 to 6 ppm (mg/kg) for fumonisin. Kenyan regulatory limits are 10 ppb for aflatoxin and 1 ppm for fumonisin. Sample sizes are shown in parenthesis below each variety; n.a. = not analyzed. a Mycotoxins were assessed from 100-g whole-grain samples. Likelihood ratio (L-R) c 2 tests were based on a nominal logistic regression. Mycotoxin detection limits were 1 ppb (µg/kg) for aflatoxin and 0.1 ppm (mg/kg) for fumonisin. b Based on a sample size of n = 488. c Subset of samples analyzed for aflatoxin was analyzed for fumonisin (n = 233). d Based on a subset of samples (n = 119) that were included in the grain preservative experiment. e Based on a subset of samples (n = 84) that were included in the grain preservative experiment.
likelihood was lowest right after harvest and highest 2 months after harvest. Samples collected 2 months after harvest were 1.6 times more likely to have detectable aflatoxin than those collected right at harvest. The likelihood of aflatoxin contamination at harvest did not differ significantly (P > 0.05) with that observed 4 months later. The percentages of samples with aflatoxin contamination above the regulatory limit varied from 2% right after harvest to 6 and 4% 2 and 4 months later, respectively (Fig. 6A) . The percentage of samples with aflatoxin did not differ significantly (P > 0.05) between the home-grown and purchased maize at any of the sampling periods (Table 6 ). The likelihood of fumonisin contamination differed significantly (P = 0.01) among sampling periods. The percentage of samples with detectable fumonisin was 90% at harvest, 82% 2 months after harvest, and 96% 4 months after harvest. The percentage of samples with fumonisin above the regulatory limit was highest at harvest (75%), and decreased to 45% 2 months later, followed by a further decrease to 32% 4 months after harvest (Fig. 6B) . The percentage of samples with detectable fumonisin did not differ between the purchased and the home-grown maize over the three sampling periods (Table 6) .
Mean fumonisin contamination in the four most common maize varieties (H614, H513, WH505, and Local 8), which together were represented by 49 (39%) of the 125 samples analyzed for fumonisin, was 2.177 (± 3.483) ppm. The percentages of fumonisincontaminated samples from these varieties ranged from 60 to 85% (Fig. 4D) . The percentage of samples with fumonisin contamination above the regulatory limit was 69% for H614, 50% for H513, and 20% for WH505. Samples of Local 8 from the mills were not analyzed for fumonisin, and only five samples were taken from WH505 (Fig. 4D ). H614 and H513 did not differ significantly in the likelihood of fumonisin contamination (P > 0.409). The likelihood of fumonisin contamination differed among sampling periods and, at harvest, was 22 times greater than in the second sampling period (OR = 21.5, P = 0.02). The likelihood of contamination was not significantly different (OR > 999.99, P = 0.24) between samples collected at harvest and 4 months later but was different between those at harvest and 2 months later (OR > 999.99, P = 0.02).
DISCUSSION
Outbreaks of fatal aflatoxicosis caused by consumption of aflatoxin-contaminated maize have frequently been reported in eastern Kenya (Azziz-Baumgartner et al. 2005; Daniel et al. 2011; Kang'ethe 2011) . It is less clear whether mycotoxins are a chronic or periodic problem in regions of Kenya where fatalities have not been reported. In particular, W. Kenya produces most of the Fig. 6 . Distribution of mycotoxin contamination in maize sampled from local mills in a humid agroecological zone in Bungoma County in western Kenya. A, Aflatoxin and B, fumonisin contamination up to 4 months after harvest (between 2009 and 2010) . Sampling from local mills involved collection of 100 g of maize flour (n = 574; see text for details). Fumonisin was analyzed on a subset of samples (n = 125). Sample sizes for each sample time are shown in parentheses below each sampling time. Mycotoxins were quantified using enzyme-linked immunosorbent assay kits in the range of 1 to 20 ppb (µg/kg) for aflatoxin and 0.1 to 6 ppm (mg/kg) for fumonisin. Kenyan regulatory limits are 10 ppb for aflatoxin and 1 ppm for fumonisin. country's grain but no comprehensive mycotoxin survey had been conducted to establish the prevalence of aflatoxin or fumonisin contamination in maize. The few published studies on the occurrence of mycotoxins in maize have provided some insight but were based on small geographical areas or small sample sizes or relied on data from one point in the maize value chain (Alakonya et al. 2008b (Alakonya et al. , 2009 Kedera et al. 1999; Mutegi et al. 2009 ). We extended the understanding through greater sampling efforts across locations and at multiple points along the maize value chain.
We used a regional survey over three AEZs in each of the three regions in the most important maize-producing areas in Kenya to show the prevalence of aflatoxin in maize destined for immediate consumption and its associations with climate (rainfall) and farm management (intercropping versus monoculture). To further investigate the effects of farm management and maize varieties on mycotoxins, we conducted an in-depth survey within one AEZ in one county (a humid AEZ in Bungoma County) to reduce the variation in mycotoxin contamination associated with climate. This latter study provides more information about susceptibility of maize varieties that had previously been investigated (Alakonya et al. 2008a ). In addition, this detailed study allowed us to compare aflatoxin and fumonisin contamination in four major varieties at four key points in the maize value chain: at harvest, after 2 and 4 months in storage, and at the mill just prior to consumption. Mycotoxin contamination was also related to storage practices, particularly the use of pesticides and other preservatives.
Although we observed an overall low frequency and level of aflatoxin contamination in western Kenya, we found high levels of contamination associated with certain geoclimatic locations. For instance, the percentages of samples with detectable and above the regulatory limit of aflatoxin observed in the Nyanza region was similar to that reported in regions of eastern Kenya where frequent fatal outbreaks of aflatoxicosis have occurred (Azziz-Baumgartner et al. 2005; Daniel et al. 2011; Mutiga et al. 2014) . Despite relatively high aflatoxin contamination in maize in Nyanza, a recent study of aflatoxin in human blood collected from subjects across the country showed that the population of this region had the lowest levels of aflatoxin exposure (Yard et al. 2013) . Nonetheless, Yard et al. (2013) found that aflatoxin exposure was widespread across Kenya at a time when no outbreak was recognized, implying that aflatoxin contamination is common in staple foods such as maize but has remained unnoticed because of a lack of surveillance. This discrepancy points to the need for monitoring mycotoxins, even in locations where contamination is not typically high.
We observed a significant association between climatic conditions (rainfall and AEZs) and aflatoxin contamination. Trans Nzoia and Uasin Gishu Counties typically experience more rainfall than the other counties studied, and were found to have less aflatoxin contamination. The highest percentage of samples above the regulatory limit was observed in the drier, semihumid AEZ and the drought-prone regions of Homa Bay County. These findings showed the expected relationship between moisture stress and aflatoxin levels, and are in agreement with the previous reports that aflatoxin contamination is positively correlated with drought (Guo et al. 2008; Magan et al. 2011) .
Based on the regional survey, aflatoxin contamination was associated with the manner in which individuals obtained maize. Higher contamination was observed in purchased maize than in home-grown maize. Previous studies have found that Kenyans place higher value on maize they have grown themselves compared with maize that is available for purchase at local markets, perhaps because they expect it to be of higher quality and safety (Hoffmann and Gatobu 2014) . In contrast, Daniel et al. (2011) found that AF was higher in home-grown maize than in purchased maize in eastern Kenya. In the current survey, farmers reported that local maize traders cushion themselves against grain losses by blending maize of different qualities. However, because of the recognized lack of correlation between visible moldiness and aflatoxin, it is unclear whether blending might be the cause of differences in contamination observed between marketed and home-grown maize in this study.
Among the home-grown maize samples, intercropped maize had lower aflatoxin contamination than maize that had been grown in monoculture. These findings are consistent with those of the recent survey in eastern Kenya (Mutiga et al. 2014 ) but contrast with previous reports on the effect of intercropping on aflatoxin levels (Hell 1997; Tedihou et al. 2012 ). Aflatoxin contamination is positively correlated with crop stress (Chen et al. 2004) . Intercropping is intended to increase vegetation diversity and often involves legumes, which can contribute nitrogen to the system. Some crops used in intercropping might reduce plant stress by reducing the rate of evapotranspiration, suppressing weeds, and controlling some diseases (Sun et al. 2006; Unger and Vigil 1998) . There is need for experimental studies to establish the specific intercrops and mechanisms through which intercropping reduces aflatoxin contamination.
Except for drought-prone Homa Bay County, the other counties surveyed received relatively high rainfall and had a lower percentage of samples with aflatoxin above the regulatory limit. Most farmers in Bungoma, Trans Nzoia, and Uasin Gishu Counties have larger farms and are likely to have higher income from maize production, as well as better pre-and postharvest management relative to farmers with smaller farms (<1 ha) in the drought-prone areas of the Nyanza region (Nyoro 2002) . A recent study in eastern Kenya showed aflatoxin contamination in maize was negatively correlated with farm size and grain yield (Mutiga et al. 2014 ). a We collected 100-g flour samples from individuals who processed maize at a local mill in a village where storage-shed surveys were conducted. Maize was sampled at harvest and after 2 and 4 months in storage between 2009 and 2010. Fumonisin was analyzed on a subset of samples (n = 125) that had been analyzed for aflatoxin (n = 574). Lower limits of mycotoxin detection were 1 ppb (µg/kg) for aflatoxin and 0.1 ppm (mg/kg) for fumonisin. b Fisher's exact test for differences in number of samples with detectable mycotoxin from different sources (home-grown versus purchased). c P value for c 2 test (1 df) for difference in proportion of contaminated samples from different sources (home-grown versus purchased).
We observed greater fumonisin than aflatoxin contamination, as determined by percentages of samples with detectable mycotoxins and above regulatory limits. Contamination by the two mycotoxins was not correlated. The greater extent of fumonisin contamination is in agreement with previous studies (Alakonya et al. 2009; Kedera et al. 1999) . The observed high percentage (50%) of samples with fumonisin above the regulatory limit strongly suggests exposure to unacceptable levels and should prompt investigations into the health implications of fumonisin in the region. Recent studies reported an increase in esophageal cancer in western Kenya, a disease that has been correlated with consumption of fumonisincontaminated foods (Parker et al. 2010; Wakhisi et al. 2005 ). According to recent global statistics on age-standardized cancer death rates, Kenya was ranked 8th for esophageal cancer and 76th for liver cancer (Chai and Jamal 2012; LeDuc Media 2014) . Previous animal coexposure studies have shown that a combined ingestion of aflatoxin and fumonisin can increase the risk of liver cancer compared with aflatoxin alone (Carlson et al. 2001; Gelderblom et al. 2002) . Co-occurrence of these mycotoxins could also lead to increased human morbidity and stunted growth in children (Smith et al. 2012; Williams et al. 2004) .
Mycotoxin contamination in farmers' storage sheds and at mills was quite different, and must be interpreted in light of the different sampling strategies at these sites. The samples collected at the mills were from larger grain samples (2 to 10 kg) that were homogenized by milling prior to sampling 100 g of flour, whereas those collected from storage were 100-g subsamples from less than 1 kg of whole grain. The percentage of samples with detectable mycotoxin was greater at the mills compared with the storage sheds, most likely because of this discrepancy in sampling. The distribution of mycotoxins is known to be highly skewed among grains, especially for aflatoxin (Schuller et al. 1976; Whitaker 2006; Whitaker et al. 1998) . Similar mean aflatoxin contamination for storage and mills implies that contamination was not different between the two sites. However, the higher variances observed in storage compared with the mills for both mycotoxins are consistent with expectations based on the sampling design. Data from the mills were used to give insights on mycotoxin contamination in maize that was being consumed at the time of the survey and, therefore, may be more relevant for understanding human exposure to mycotoxins.
To prevent storage losses, Kenyan farmers apply different types of preservatives to maize before storage. The preservatives used include botanicals (locally known plant derivatives), synthetic pesticides, and ash. Application of preservatives was associated with a decrease in fumonisin contamination but did not affect weevil incidence. Weevils were not correlated with mycotoxin contamination even though they have been correlated previously in other tropical regions. For example, observed a significant association between aflatoxin and weevil damage in stored maize in Uganda. Similarly, Ono et al. (2002) observed a positive correlation between fumonisin and weevil damage. The lack of correlation between fumonisin and weevil incidence in the current study suggests the possibility that the preservatives had a direct effect on F. verticillioides in reducing fumonisin; further experimental evidence will be needed to test this hypothesis. Experiments should also focus on how specific preservatives applied by these farmers differ in reducing fumonisin.
We did not detect accumulation of aflatoxin and fumonisin contamination over time during storage. Although reports of increases in fumonisin contamination during storage are inconsistent (Atukwase et al. 2012; Bacon and Nelson 1993; Ono et al. 2002) , several studies have reported increases in aflatoxin in stored maize, especially in the tropics (Hell 1997; Kankolongo et al. 2009; Tedihou et al. 2012) . In a 12-month experiment in which two groups of maize samples were predried to 11 and 14% and monitored for fungal colonization and fumonisin, no significant increases in fumonisin were reported (Ono et al. 2002) . This finding was attributed to low water activity that might have inhibited growth of fumonisin-producing fungi. In the current study, grain moisture during storage ranged from 11.3 to 12.8% and was below the maximum 13% that is recommended for grain storage in the tropics, and was below 15%, which is favorable for growth and toxin production by A. flavus and F. verticillioides (Kaaya et al. 2005; Proctor 1994 ). Low grain moisture and low weevil incidence during storage suggest that maize was stored under conditions that were not optimal for additional aflatoxin and fumonisin accumulation. Although variation in toxigenicity of fungal populations could affect the frequency and amount of mycotoxins (Payne and Yu 2010; Probst et al. 2012 ), we did not determine the toxigenicity of fungal populations in the current study.
The percentage of aflatoxin-contaminated samples was highest in flour samples that were collected 2 months after harvest, while the percentage of samples with fumonisin above the regulatory limit was highest at harvest and decreased over time. Because the observed trends were maintained even when only home-grown maize samples were considered, we speculate that they may have been related to grain sorting. A survey conducted in eastern Kenya revealed greater reduction of fumonisin than aflatoxin when consumers sorted their maize prior to milling (Mutiga et al. 2014) . A low correlation between apparent moldiness and aflatoxin contamination has been reported previously, and visual sorting of maize was not as efficient in reducing aflatoxin as it was with fumonisin (Fandohan et al. 2005; van der Westhuizen et al. 2011) .
We observed differences in mycotoxin contamination among the four most common maize varieties. H614 and H513 showed consistent contamination by both aflatoxin and fumonisin in storage and at mills. Local 8 and WH505 were contaminated by fumonisin but not aflatoxin at the storage sheds, whereas both toxins were detected on these varieties in samples from the mills. H614 and H513 were the most popular among the farmers because of high grain yield but these varieties were vulnerable to weevil damage and mycotoxin accumulation. The observed vulnerability of the two most popular varieties implies that mycotoxin and insect resistance traits were not adequately considered during breeding for increased grain yield.
Previous work showed that flint maize genotypes were more resistant to preharvest aflatoxin accumulation than dent genotypes (Betran et al. 2006) . If texture (endosperm type) had a major effect on mycotoxin accumulation, H614 would have been the most resistant variety, but it was the most contaminated of the varieties we investigated. Insect damage has previously been associated with mycotoxin contamination (Hell et al. 2000; Wu 2007 ). However, we did not find a correlation between mycotoxins and weevils. The observation that the four most popular varieties were highly contaminated with fumonisin in storage and at the mills implies that fumonisin is a health threat to maize consumers. The findings that Local 8 and WH505 did not have detectable aflatoxin in storage would have led us to conclude that they were resistant; however, the complementary findings at the mills showed otherwise. There is need for breeding efforts to combine mycotoxin and insect resistances in local varieties.
In conclusion, the regional survey of maize at local mills showed that aflatoxin is a significant contaminant in a wide geographical area of Kenya's most important maize-producing region. Aflatoxin contamination was associated with drought and cropping systems in a manner consistent with previous findings. The detailed parallel studies conducted at storage sheds and local mills confirmed the previously reported higher prevalence of fumonisin than aflatoxin in this part of Kenya, and gave insights on varietal differences in mycotoxin contamination in storage. Local mills are potentially important venues for mycotoxin mitigation approaches. Such approaches might include surveillance, education programs to create awareness, introduction of mycotoxin-binding agents (Brown et al. 2014; Wang et al. 2008) , and grain sorting (Pearson et al. 2004 ). Mycotoxin surveillance and mycotoxin-related work should include all maize-producing regions of Kenya and other similar tropical agroclimatic locations, and not only areas with acute outbreaks of mycotoxicosis.
